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Abstract 
Industrial bifunctional reforming catalysts are promoted by chlorides for providing adequate acid activity in izomerization and 
dehydrocyclization reactions. Chlorine content on the reforming catalyst surface is not only the most important, but also one of 
the hard controllable process parameters. On the basis of numerical and experimental studies, the authors investigated the 
influence of chlorine-containing compounds on the activity and selectivity of platinum catalyst of reforming process with fixed 
granular bed. For the balance of acid and metallic active catalyst centers, optimal interval of chlorinated derivatives and water 
demand as crude naphtha is accumulated on catalyst is calculated. The influence of molecular ratio H2O:HCl, crude naphtha 
accumulation and process temperature on chlorides content on catalyst surface is studied. The developed method of supply 
chlorinated derivatives into the reactor section, provides the increase of the end product yield by 1-1.5%. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Omsk State Technical University. 
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1. Introduction 
The processes of catalytic reforming of hydrocarbons take an important part in oil-refining industry. By catalytic 
reforming is obtained basic component of producing commercial gasolines – high-octane catalyst, which is then 
goes to compounding with other flows. During industrial catalytic hydrocarbons reforming some problems 
concerning catalyst bifunctionality and deactivation occur [1]. Reactors instrumentation, designed in the middle of 
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the XX century with no account for catalytic systems operational characteristics, leads to the fast loose of catalyst 
activity. That is why the solving of the problem of increasing resource efficiency of the operating reactor equipment 
for catalytic hydrogen reforming process is up-to-date. 
One of the main conditions of optimized exploitation of bifunctional reforming catalysts is the balance of their 
acid and metallic activity. Chlorinated derivatives, being supplied into the reactor, and transformed into chlorine 
hydride increase the selectivity of hydrocarbons transformation on the surface and thus increase the depth of 
hydrocarbon processing raw material and product octane number. This explains the need in the development of a 
new method of modes optimization in the process of catalytic reforming flows directions in the technological 
scheme on the basis of considering chlorine adsorption reversibility on catalyst active surface. 
2. Scope of the study 
The object of the study is the plant of catalytic reforming for producing high-octane gasoline LCh-35-11-1000. It 
is designed for continuous operation without regeneration for 1-2 years or more, depending on the amount and 
quality of raw materials into processed gasoline with RON =97-98 points at pressure 1.4 – 1.5 МPа. 
3. Methods 
Solving the problem of increasing resource efficiency of the operating reactor equipment of catalytic 
hydrocarbons reforming is possible by using the method of mathematical modeling, which is currently an actual 
scientific direction in the optimization of the industrial reactors operation. Different kinetic models for the reforming 
process have been widely discussed previously in the papers [2-9]. 
Physico-chemical process model helps to determine the optimal process conditions and hydrocarbon composition 
of the processed raw material, providing increased efficiency due to the balance of acid and metal catalyst activity, 
i.e. provides carrying out optimization of industrial reactor at different modes of operation. The mathematical model 
is developed based on Pt-catalyst deactivation by coke, which allowed the development of a method of controlling 
the activity of the catalyst and the water supply chlorine to the reactors in view of intermediate condensation 
products producing. 
A mathematical model of the catalytic reforming of naphtha is based on the components reactions kinetic circuit, 
which includes the most important chemical transformations such as the dehydrogenation of naphthenes, 
dehydrocyclization of paraffins, cracking, hydrogenolysis, isomerization of paraffins and naphthenes, formation of 
unsaturated hydrocarbons, coke formation on the catalyst. The scheme of chemical reforming transformations and 
mechanism of coke formation on the metal centers of the bifunctional catalyst are presented in Fig. 1 (a, b). 
 
 
Fig. 1. (a) Scheme of the reforming process chemical transformations; (b) mechanism of  coke producing; where Ar is aromatic hydrocarbons, N5 
is 5-membered naphthenes, N6 is 6-membered naphthenes, n-P is paraffinic hydrocarbons, i-P is izoparaffinic hydrocarbons, Gas is hydrocarbon 
gases, UICP is unsaturated intermediate compacting products. 
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Non-stationary mathematical model is a system of differential equations in partial derivatives to the extent that 
the use of the inner surface of the catalyst grain and coke producing (by changing the reversible and graphitic coke 
concentration) [10, 11]. 
4. Results and discussion 
The amount of chlorine on the catalyst surface is determined by the thermodynamic equilibrium of the 
chemisorption of chlorine atoms and depends on the molar ratio of hydrogen chloride and water in the reaction 
chamber, the temperature in the catalyst layer [12, 13] as well as the degree of deactivation of the catalyst surface as 
a consequence of coke producing, catalyst poisoning and ageing. 
The patterns of hydrocarbons transformation in reforming reactors, revealed during the study, prove, that activity 
raise of catalyst acid centers is caused by replacing of hydroxyl groups on aluminum oxide surface by chlorine 
anions (Fig. 2 a). 
 
 
 
 
 
a b 
Fig. 2. (a) Mechanism of acid and basic centres formation on aluminium oxide; (b) Dependency of aromatic hydrocarbons yield q in reaction of  
n-heptane aromatization chlorine Сcl content in catalyst. 
As a result of the reaction of hydrogen chloride contained in the reaction chamber, with the hydroxyl groups on 
the catalyst surface, the latter are replaced by the chloride anions to form strong covalent bonds between the surface 
aluminum atoms and chlorine. This process can be considered as chemisorption of chlorine atoms on the catalyst 
surface. 
Catalyst activity extremely depends on the chlorine content (Fig. 2 b), besides, depending on the catalyst type, its 
optimal quantity varies from 0.5 to 1.2% (wt.) 
After adding of chlorine more than 1.1% (wt.), the proportion of the hydrocracking reaction considerably 
increases while the proportion of aromatization decreases. 
At the same time, hydrocarbons chemical reactions rates depend on the зависеть от chloride concentration on 
catalyst active surface [14]: 
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where Dageing, D0 – active surface of deactivated after ageing and fresh catalyst; Fcoke, F0 – active surface of coked 
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Moreover, chlorine content depends on the process temperature, which influences the value of chemical reaction 
equilibrium constant. Process temperature and mole ratio H2O:HCl are main process regulating parameters, so by 
changing them it is possible to influence the catalyst activity [15]. 
Equilibrium constant can be estimated by thermodynamic parameters of the reaction components. Based on 
reference data, the estimation of thermodynamic parameters is carried out (Table 1.) and the dependence of the 
equilibrium constant on the temperature is obtained: 
36804,78H T S S H
RT R RT T
pK e e e
'  ' ' '     
 
                           Table 1. Thermodynamic parameters of the components of catalyst chloration reforming reaction  
Substance ΔH, kJ/mole ΔS, J/mole∙К 
H2O -93.9 214.5 
HCl -246.8 222.1 
Al-OH   →   Al-Cl 192.7 32.2 
 
By using this equation, values of equilibrium constant in the working temperatures range of plant L-35-11-1000 
are calculated. The obtained results are given in Table 2. 
                      Table 2. Dependency of equilibrium constant of catalyst chloration reaction on temperature 
Date 25.07.05 11.10.05 17.12.13 07.01.14 07.02.14 07.03.14 15.03.15 
Temperature 
in reactor 1,0С 500 502 493 494 498 493 497 
Кр 1.02 1.032 0.976 0.982 1.007 0.976 1.004 
 
Water and chlorine demand is additionally corrected according to the composition of the processed raw material, 
catalyst type and coke producing dynamics. Coke producing dynamics on catalyst RG-682 of plant LCh-35-11-1000 
is given in Fig. 3a.   
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Fig. 3 (a) Changing of coke concentration on catalyst depending on the volume of the processed raw materials; (b) Changing of n-butane yield 
depending on mole ratio water/ hydrogen chloride; (c) Changing of yield (izobutane + n-butane) depending on mole ratio water/hydrogen 
chloride 
So far as coke is accumulated and process temperature raises, increasing of water and chlorine supply maintains 
the conversion of amorphous coke structure at possible maximum initial level. The equation of oxidizing reaction of 
amorphous coke is the following (1): 
2 2
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where Keq is equilibrium constant of coke oxidizing reaction. 
6   А.G. Koksharov et al. /  Procedia Engineering  113 ( 2015 )  1 – 7 
Regulation of catalyst activity is provided by the increasing water supply into the reactors depending on coke 
accumulation on its surface and hydrocarbon composition of the processes raw materials. The changing of 
amorphous coke concentration is calculated by the formula 2 [15]  
where coke
dC
dt
is changing of amorphous coke concentration, mole/(unit of vol.×time unit); 1k , 2k are velocity 
constants of coke-generating from aromatic hydrocarbons, cyclopentanes, correspondently (time unit)-1; 3k  is 
velocity constant coke-generating from carbon oxide (II), unit of vol./(mole× time unit);
2 6 ( )n nC H ar
C
 ¦ is concentration 
of aromatic hydrocarbons, mole/ unit of vol.;
2 5( )n nC H N
C ¦ is concentration of cyclopentanes, mole/ unit of vol.; 
2
,
nH CO
C C  is j-th concentration of Н2 and СО correspondently, mole/ unit of vol. 
Using the process mathematical model, recommendations for changing water and chlorine demand during coke 
accumulation on the catalyst were developed. The results are given in table 3. 
Table 3. Predicting calculation of the most optimal process parameters in the mathematical model 
Date 
Humidity 
HBG, 
mg/kg 
 
Chlorine 
supply, 
mg/kg 
М 
exp. 
Optimal chlorine 
supply, mg/kg 
(depending on the 
HBG humidity) 
Optimal chlorine 
supply, mg/kg 
considering coke 
М  
calc. 
Coke,  % 
wt. 
n-С4 nС4+ 
izoС4 
25.07.05 20.1 1.5 6.61 0.49 0.54 20.12 9.963 2.16 3.52 
11.10.05 24 1.5 7.89 0.59 0.65 20.12 10.887 2.03 3.40 
17.12.13 19 0.5 18.74 0.45 0.48 20.12 6.259 1.32 2.50 
07.01.14 20.5 0.5 20.22 0.50 0.53 20.12 6.562 1.21 2.34 
07.02.14 19.5 0.5 19.23 0.49 0.52 20.12 7.058 1.30 2.48 
07.03.14 20 0.5 19.73 0.47 0.51 20.12 7.621 1.28 2.45 
15.03.15 14.9  0.6 12.25 0.6 0.68 20.12 14.081 1.73 2.93 
 
By regulating the humidity of the circulating HBG and maintaining necessary mole ratio value H2O:HCl, by 
changing the supply of chlorinated derivatives, into the reaction zone, chlorine content on catalyst can be regulated 
immediately under conditions of its exploitation. 
Optimal chlorine content on catalyst provides maximum selectivity of the process. It should also be noted, that 
both lack and surplus of chlorine lead to the decrease of stable catalyzate yield. As it is shown in Fig. 3 (b, c), 
chloride oversize amount (decrease of mole ratio) has led to the increase of catalyst acid activity and, as a result, to 
the, activation of paraffins hydrocracking reaction, and that, in its turn, caused the decrease of the process 
selectivity, increase of the light hydrocarbons (n-butane and izobutane) percentage.  
5. Conclusion 
Increasing resource efficiency of naphtha reforming process under conditions of acid and metal catalyst activity 
balance is reached by considering, while modeling, kinetic patterns of hydrocarbons transformation on the surface of 
bifunctional Pt-catalysts (catalyst operation transient sedimentation of coke on the surface, changing of acid activity 
at changing chemical composition demand of the processed raw material, humidity and temperature of the reaction 
medium).  
The study has shown the necessity of the optimization of chloride supply into reactors of the plant LCh-35-11-
1000 by influencing on the main process-managing parameters – temperature and mole ratio water/ hydrogen 
chloride. 
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According to the results of the analysis, chlorine supply into the reforming reaction zone was not always optimal. 
As a result, catalyst activity decreases, which leads to the activation of gas-generating reactions and decreasing 
liquid product yield by 1-1.5% wt. 
To find the balance of acid and metal activity of the catalyst, chlorine derivatives demand interval should be 
equal to 0.5-1.0 mg/kg depending on the system humidity, demand and hydrocarbon composition of the processed 
raw material, catalyst activity and technological operating modes of the plant. 
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